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Hydroabrasive Exposure and Concrete Resistance against 
Abrasion Erosion 
Frank Spörel 
Synopsis: Hydraulic structures like weirs or locks can be exposed to a severe hydro-abrasive expo-
sure caused by waterborne particles. In Germany currently about 10 percent of the weirs under the 
responsibility of the Federal Ministry of Transport and Digital Infrastructure reveal damages caused 
by hydro-abrasive exposure which impair the serviceability or load-bearing capacity. Unlike as for 
other exposure such as freeze-thaw attack there are no regulations in European standards which 
give requirements to assure a sufficient durability against hydro-abrasive exposure. For this reason, 
the Federal Waterways Engineering and Research Institute has initiated a research project with the 
aim to describe and classify the exposure of hydro-abrasive attack on concrete structures. Concrete 
requirements to assure a sufficient durability are to be developed. 
The paper presents investigations on the hydro-abrasive exposure of hydraulic structures with 
abrasion erosion damages. Flow velocities and abrasive loads are considered to comprehend the 
damages and to evaluate the intensity of the hydro-abrasive attack. Results of laboratory tests with 
the method according to ASTM C1138, the Bania-method and a new test method are presented fo-
cusing on the influence of the intensity of the test methods and the influence of aggregate proper-
ties on the abrasion resistance of concrete. 
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Introduction  
Waterway structures like weirs or locks can be exposed to a severe hydro-abrasive exposure 
caused by waterborne particles like sand, gravel or other debris. This exposure may have signifi-
cant impact on the durability of these structures. In Germany currently about 10 percent of the 
weirs under the responsibility of the Federal Ministry of Transport and Digital Infrastructure reveal 
damages caused by hydro-abrasive exposure which impair the serviceability or load-bearing capac-
ity. Unlike as for other exposure like freeze-thaw attack there are no regulations in European 
standards which give requirements on concrete composition or concrete properties which can as-
sure a sufficient durability against hydro-abrasive exposure. For this reason, the Federal Water-
ways Engineering and Research Institute has initiated a research project with the aim to describe 
and classify the exposure of hydro-abrasive attack on hydraulic structures resulting from high flow 
velocities and sediment loads. Based on these findings concrete requirements to assure a sufficient 
durability are to be developed. 
Abrasion erosion damage of hydraulic structures 
A comprehensive review on abrasion erosion damage of hydraulic structures in the USA is given in 
[1]. Concrete erosion depths in the range of up to 1 m [39 in.] were observed. Experiences from the 
Switzerland are presented in [2]. In Germany experience on abrasion erosion damage of waterway 
structures of the Federal Waterways and Shipping Administration recently has been gathered by an 
evaluation of the data of the Structural Inspection of the locks and weirs. The evaluation revealed 
erosion depths up to several dm [8 to 25 in.]. About 50 % of the weirs and 30 % of the locks reveal 
abrasion erosion damages of different degree [3]. During the structural inspection according to the 
BAW Code of Practice “Classifying Waterway Construction Damages” [4] the damage is rated on a 
scale from 1 - 4 (1: good condition, 4: critical condition). A summary of the distribution of the dam-
age ratings caused by abrasion is given in Fig. 1. 
In relation to the total number of hydraulic structures about 10 % of the weirs and 5 % of the locks 
are affected by severe abrasion erosion damages (damage rating 3 or 4). An example of a very 
strong damage is given in Fig.2. The baffle blocks in the stilling basin of the weir close to the wing 
walls were almost completely destroyed. 
By now no information on the properties of the damaged concrete or the impact intensity which 
has caused the damages was available. Especially the critical ratings 3 and 4 require thoughts on 
repair methods and materials. For the repair of the concrete information on the intensity of the 
expected impact is important to adapt the concrete properties to this impact. As in German or Eu-
ropean regulations by now no clear requirements are given for the repair of abrasion erosion dam-
age the success and durability of a repair mainly depends on the knowledge of the staff and other 
circumstances. The European code DIN EN 206-1 [5] does not cover mechanical wear at all. The 
national application document DIN 1045-2 [6] features exposure classes XM which describe me-
chanical wear. The focus of these exposure classes are for example industrial floors. As the hydro-
abrasive exposure is very different it has to be challenged if these regulations are adequate for hy-
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dro-abrasive exposure. As the abrasion erosion is a very special topic which is only of interest for 
hydraulic structures the Federal Waterways Engineering and Research Institute has started a re-
search project to address this topic and to find an appropriate classification for the intensity of the 
exposure and adequate concrete requirements. 
Hydroabrasive exposure  
A precondition to evaluate the concrete resistance against hydro-abrasive exposure is the 
knowledge of the exposure at the structures. Whereas numerous investigations have focused on the 
concrete resistance against abrasion erosion during the last decades [7-12] comparable little inves-
tigations on the exposure itself have been published [2, 13, 14]. These investigations give infor-
mation on the behavior of concrete in structures under practical conditions and describe the 
exposure by measurements of flow velocities and a characterization of the abrasive load for three 
sediment bypass tunnels [2, 14] and one weir [13]. At a sediment bypass tunnel, a medium diameter 
of the abrasive load of about 230 mm (9 in.) and maximum diameters up to 1.2 m (48 in.) were de-
tected [2] and for the weir a medium diameter of about 300 mm (12 in.) [13]. Flow velocities up to 
about 15 m/s (50 ft/s) [2] and 11 to 17 m/s (36 to 56 ft/s) [14] were measured at the sediment 
bypass tunnels. For hydraulic structures like locks or weirs comparable information was not avail-
able. To gather information for these buildings investigations were conducted by the Technical Uni-
versity of Dresden by order of the Federal Waterways Engineering and Research Institute [15]. A 
Summary of the results was presented in [3]. The flow velocities of four weirs were determined by 
3D-hydronumerical-suimulations with typical ranges of flow velocities on the weir sills up to 3.5 
m/s (12 ft/s). At the stilling basin ground and the ground sill velocities of up to 7 m/s (24 ft/s) re-
spectively 5.5 m/s (18 ft/s) were determined. The abrasive load which was found in structures had 
diameters up 
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about 300 mm (12 in.). Additional simulations of flow velocities at the weir referred to in Fig. 2 re-
sulted in flow velocities of up to 6 m/s (18 ft/s) near the strongly damaged baffle blocks [16]. The 
abrasion erosion depth in these areas reached up to 800 mm (31 in.). Fig. 3 shows an example of 
simulations of the flow velocities in the stilling basin in a horizontal section in a height of 0.05 m (2 
in.) above the surface near the baffle blocks. 
The investigations to characterize the exposure of hydraulic structures like weirs or locks concern-
ing abrasion impact have shown the expectable flow velocities in different areas which are critical to 
abrasion erosion damages. For a classification of the intensity of the impact the knowledge of the 
flow velocities is not sufficient as the presence and the particle size of abrasive material is essential 
to evaluate the impact intensity. High flow velocities without abrasive load will not induce damage 
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to the structure. By now the knowledge of the ranges of flow velocities can only give an impression 
of a damages risk for typical parts of hydraulic structures as it is unknown if abrasive load with crit-
ical particle diameters will be present in the structure. An application of the correlation of Fig. 4 
enables to estimate which particle diameters are transportable by the expectable flow velocities at 
typical areas of hydraulic structures. Fig. 4 shows that the expected flow velocities are sufficient to 
transport particles with diameters of more than 400 mm (16 in.) in most of the parts of weirs. 
This correlation gives no information on the velocity of the abrasive load. It just gives the infor-
mation that the grains are transportable when flow velocities reach certain values. Further infor-
mation is given in [19]. The grain saltation velocity is specified in the range of about 60 to 80 % of 
the flow velocity of the water [19]. It is obvious that sediment is not permanently present in every 
part of the stilling basin. Despite comparable flow velocities in different parts of the stilling basin 
(Fig. 3) the extent of the damage is different. These differences depend on the different temporal 
duration of the abrasive impact in different parts of the structure. 
Based on these considerations currently a classification of the intensity of abrasive impact on con-
crete structures in the sense of exposure classes appropriate to [5] seems possible by an assump-
tion of relevant flow velocities according to the aforementioned examples and an estimation of the 
probability of the presence of abrasive load in different parts of a structure. Furthermore, this in-
formation can be used to evaluate the intensity of laboratory test procedures and their transferabil-
ity on practical conditions. 
Experimental investigation  
Test Procedures 
To investigate the abrasion resistance of concrete an adequate test method is required. Evaluations 
of different test methods can be found in [2, 9, 11]. The test method according to Bania [8] was es-
timated to be the most adequate test procedure and was used for the investigations. Another appli-
cation of the bania-method is presented in [20]. Much research [e.g. 7, 10, 12, 13] is based on the 
underwater method according to ASTM C1138M [21]. Both methods use very different test devices 
and it is unclear if results of these different test methods allow for the same conclusions. Another 
promising test procedure has been applied for several decades for the investigation of abrasive re-
sistance of geotextiles [22]. This procedure has been adapted for testing concrete slabs by the Uni-
versity of Dresden [23]. For the investigations presented in this paper these three test methods 
were applied in the laboratory of the Federal Waterways Engineering and Research Institute. Fig. 5 
shows the test setups. 
The test procedures operate very differently. Unlike the ASTM-test the bania-method and the slab-
method have no established and regulated test procedure. Therefor the results presented by differ-
ent authors are not necessarily comparable. Despite this deficit both procedures represent condi-
tions similar to the natural exposure. This offers the opportunity for research on the influence of the 
intensity of hydro-abrasive impact on the damage development of different concrete quality. An 
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adaption of the scientific findings concerning the aforementioned investigations on the hydroabra-
sive exposure of hydraulic structures like locks and weirs is possible by a variation of the grain size 
of the abrasive load and the rotation velocity. The parameters for the bania-method are based on [2, 
9, 11]. Whereas the ASTM-test operates with steel balls as abrasive load the bania-method uses 
natural aggregate. For the slab method there is no established test procedure for testing concrete 
available at all. Testing is possible with steel balls as well as with natural aggregate. The abrasion 
exposure resulting from the test procedure for geotextiles according to [22] is too weak to generate 
remarkable damage to concrete specimen. An adaption of the test procedure was required. Consid-
ering the findings on the natural exposure of locks and weirs investigations in the laboratory of the 
federal waterways engineering and research institute have been performed. Variations of the abra-
sive material, grain size and rotation velocity [24] resulted in a test procedure producing a similar 
damage level as the bania-methode. Table 1 gives a review of the test procedures. 
For the bania-method it is essential to use aggregate with well-defined properties and grain size to 
receive repeatable results as they have great influence on the test results [11, 24]. The properties of 
the gravel used in the presented investigations are given in Table 2. 
Materials 
The concrete for hydraulic structures requires a low heat of hydration. For that reason, concretes 
with mix designs representative for hydraulic structures were investigated. It was intended to de-
termine the concrete resistance of typical concrete mix designs of hydraulic structures by the 
aforementioned test procedures as a basis for future 
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investigations with focus on increasing concrete resistance. A commercially available blast furnace 
slag cement CEM III/A 32,5 N LH according to DIN EN 197-1 [29] and a fly ash according to DIN EN 
450-1 [30] were used as binders. Ten aggregates with a maximum grain size of 32 mm (1.25 in.) 
were used. According to different hints in the literature aggregate has an influence on the abrasion 
resistance of concrete. Whereas the results of the Los Angeles test did not show a relationship to 
the abrasion resistance of concrete [7, 12] the Moh’s hardness seemed to have an influence on con-
crete abrasion resistance. To pursue the influence of different aggregate properties German aggre-
gates according to DIN EN 12620 [31] with varying properties were selected for the investigations. 
The specific gravity rssd and the water absorption according to DIN EN 1097-6 [25], the Los-Angeles 
coefficient according to DIN 1097-2 [26], the Micro-Deval loss according to DIN EN 1097-1 [27] and 
the particle shape index according to DIN EN 933-4 [28] were determined. Table 3 gives a survey of 
the results. 
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Concrete mix design 
The concrete was designed to conform to a strength-class C20/25 according to DIN EN 206-1 with 
an equivalent w/c-ratio of 0.60. According to DIN 1045-2 the fly ash was included with k=0.4. The 
grain size distribution was chosen according to typical distributions which are applied for concrete 
for hydraulic structures like locks or weirs in Germany. The investigated mix designs are presented 
in table 4. 
The grain size distribution of the mixes is presented in figure 6. The triangle-symbols represent the 
concrete mixes with crushed rock and the circle-symbols the mixes with gravel. The grain size dis-
tribution varies in a range of about 10 % sieve passing on the different sieve sizes. Only minor ef-
fects of the grain size distribution on the abrasion resistance of the concrete were expected. 
Experimental results and discussion 
Fresh and hardened concrete properties 
To characterize the concrete different parameters were determined. The results of the flow table 
test and the hardened concrete properties are summarized in table 5. Cube specimen with an edge 
length of 150 mm (6 in.) for the compressive strength test and cylindrical specimens for the test of 
the young’s modulus with a diameter of 150 mm (6 in.) and a height of 300 mm (12 in.) were 
demolded after two days and stored in water with a temperature of 20 °C. At an age of 7 days the 
specimens were stored in laboratory conditions at 20 °C and 65% rel. humidity. The properties of 
hardened concrete were determined at an age of 56 days which is the typical testing age for con-
crete of hydraulic structures with a slow development of the compressive strength. The compres-
sive test results of the dry stored cubes were converted to the wet stored cylindrical specimen size 
according to Eq. 1. The compressive strength of the mixes represents the strength class C20/25. 
 𝑓𝑓𝑐𝑐 =  𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑  ∙ 0,82 ∙ 0,92 (1) 
Abrasion Tests  
The abrasion tests were started at an age of about 56 days which represents a typical confirmation 
age of concrete properties for hydraulic structures. For the bania-method 6 specimen were tested 
for each mix, for the slab method 4 specimen and for the ASTM-method just 1 specimen. All speci-
mens were demolded after 2 days and subsequently stored in water at a temperature of 20 °C. At 
each measurement the weight of the specimen was determined and the weight loss was calculated 
and related to the exposed area of the specimen. The effective test period in comparison to the ab-
solute test period results from the time during which the specimens are in contact to the abrasive 
load. Whereas for the ASTM-method both times are equal, for the Bania-method and the slab-
method the difference results from the time of the specimens in contact to the abrasive load during 
the entire test period. For that reason, the illustration of the results refers to the effective test peri-
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od. The results of the abrasion tests are presented in figure 7. The results show that the level of 
damage of the bania- and slab-method is about three times higher than that of the ASTM-test within 
a test period which is about ten times shorter. The intensity of the abrasion exposure is very differ-
ent. This results from differences in rotation velocity, grain size distribution of the abrasive load 
and the properties of the abrasive material (Table 1). Despite the different damage level all test-
methods seem to differentiate similarly. 
An evaluation of the data reveals that the compressive strength has a certain influence on the abra-
sion damage (figure 8). There is a tendency that rising compressive strength leads to a higher re-
sistance against abrasive attack. This observation is available in the literature as well [2, 7, 8, 9]. 
The low correlation between compressive strength and abrasive loss for all test-methods has also 
been observed in the literature [2, 9, 11]. As from the concrete mix design and grain size distribu-
tion almost no influence can be expected, the differences of the abrasion resistance mainly seem to 
result from the properties of the aggregate. 
A strong correlation for all test-methods was observed for the micro-deval-value whereas the Los-
Angeles-coefficient shows no correlation (figure 9). The weak correlation of the abrasion resistance 
to the LA-coefficient has also been reported by [7, 12]. Regarding the similarity of test procedure of 
the micro-deval-test to the exposure 
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by hydro-abrasive attack the good correlation seems comprehensible. No other parameter indicat-
ed a comparably good correlation to the abrasive loss during the tests. 
SUMMARY AND CONCLUSIONS 
Investigations on the hydro-abrasive exposure of hydraulic structures have shown that flow veloci-
ties between 3 and 7 m/s can cause severe damage on hydraulic structures when abrasive load is 
available. To assess the concrete resistance against hydroabrasive exposure three different test 
methods were evaluated. All test-methods were able to differentiate different concrete qualities. To 
investigate the influence of aggregate properties on the concrete resistance against abrasive expo-
sure 10 concrete mixes of nearly the same composition but with different aggregates with different 
properties have been investigated. The most dominant property with effect on the concrete re-
sistance was the micro-deval value of the aggregate. Future investigations will consider this influ-
ence on the abrasion resistance of concrete which seems to be characterized by the micro-deval 
value. 
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Tables and Figures 
Table 1 – Information on the test setups 
 ASTM Bania-method Slab-method 
Specimen Cylinder Cube Slab 
diameter 300 mm (11.8 in.) ― ― 
height 100 mm (3.9 in.) 100 mm (3.9 in.) 80 mm (3.1 in.) 
Edge length ― 100 mm (3.9 in.) 
100 mm (3.9 in.) 
200 mm (7.9 in.) 
400 mm (15.7 in.) 
Exposed area 0,07 m² (0,76ft²) 0,03 m² (0,32ft²) 0,06 m² (0,68ft²) 
Number of specimen 1 18 8 
Abrasiv material steel Aggregate steel 
 10 Balls 25 mm 
(1.0 in.) 
2 mm – 4 mm 
(0.08 in. – 0.16 in.) 
40.7 kg 
Balls 19 mm 
(0.75 in.) 
0.68 kg 
 35 Balls 19 mm 
(0,75 in.) 
4 mm – 8 mm 
(0.16 in. – 0.32 in.) 
40.7 kg 
Balls 13 mm 
(0.50 in.) 
1.35 kg 
 25 Balls 13 mm 
(0,50 in.) 
8 mm – 16 mm 
(0.32 in. – 0.63 in.) 
40.7 kg 
Balls 10 mm 
(0.40 in.) 
2.48 kg 
Water 12 kg 122 kg 9 kg 
RPM 1200 (agitation pad-
dle) 
50 27 
Rotation velocity 1.8 m/s (5.9 ft/s)[7] 2.9 m/s (9.5 ft/s) 1.5 m/s (4.9 ft/s) 
Test period 72 h 22 h 46 h 
Effective test period 72 h 5.5 h 6.5 h 
Intermediate tests 24 h, 48 h 2h, 5h 2.5 h, 5 h, 25 h 
 
Table 2 – properties of the abrasive load for the Bania-method 
property Value 
Specific gravity rssd, DIN EN 1097-6 [25] 2590 kg/m³ (162 lb/ft³) 
Water absorption, DIN EN 1097-6 [25] 1.3 M.-% 
Los-Angeles coefficient, DIN EN 1097-2 [26] 24.7 
Micro-Deval value, DIN EN 1097-1 [27] 5.3 
particle shape - shape index, DIN EN 933-4 [28] 5,0 M.% 
Grain size 2 mm – 16 mm (0.08 in. – 0.63 in.) 
 
 
Autorenfassung des Artikels: Spörel: Hydroabrasive exposure and concrete resistance against abrasion  
erosion, 2018 
- 12 - 
Table 3 – Physical properties of aggregates (particle size group 8/16) 
property Value 
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 
Specific gravity rssd,  
kg/m³ (lb/ft³) 
2580 2590 2670 2610 2600 2540 2550 3040 2670 2630 
(161) (162) (167) (163) (162) (159) (159) (190) (167) (164) 
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% per mass 
1.2 1.1 1.4 1.0 1.0 2.0 2.6 1.6 0.6 0.6 
Los-Angeles  
coefficient 
24 25 22 28 31 30 30 11 15 26 
Micro-Deval value 7 8 20 7 4 16 28 15 12 6 
Particle shape – 
shape index 
12 13 35 6 7 25 40 16 23 6 
Aggregate type Gravel Crushed rock 
 
















- kg/m³ (lb/yd³) ― m³ 
(yd³) 













635 290 365 549 2320 0.5 
M2 A2 634 291 366 551 2330 0.8 
M3 A3 625 373 471 416 2370 1.4 








A5 510 369 352 630 2330 0.0 
M6 A6 467 433 417 507 2300 0.0 




5101) 422 563 594 2560 0.7 
M9 A9 4911) 436 437 534 2370 1.0 
M10 A10 4911) 429 393 562 2350 1.2 
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1) Particle size group 0/2 from aggregate A5 
 
Table 5 – Concrete properties 
Mix Flow Unit weight fc1) Young’s Modulus ― mm (in.) kg/m³ 
(lb/yd³) 
MPa (psi) 
M1 440 (17.3) 2330 (145) 30.5 (4420) ― 
M2 470 (18.5 2370 (148) 26.5 (3840) 29300 (4250000) 
M3 435 (17.1) 2370 (148) 23.7 (3440) 23500 (3410000) 
M4 530 (20.9) 2380 (149) 25.9 (3760) 29300 (4250000) 
M5 420 (16.5) 2380 (149) 26.6 (3860) 30800 (4470000) 
M6 490 (19.3) 2340 (146) 21.5 (3120) 20500 (2970000) 
M7 490 (19.3) 2350 (147) 21.1 (3060) 19800 (2870000) 
M8 400 (15.7) 2610 (163) 34.0 (4930) 36200 (5250000) 
M9 420 (16.5) 2420 (151) 29.4 (4260) 32800 (4760000) 
M10 450 (17.7) 2390 (149) 32.7 (4740) 26500 (3840000) 
1) Wet stored cylinders, height 300 mm (12 in.), diameter 150 mm (6 in.) 
 
 
Fig. 1: Distribution of abrasion damages on damage rating [3] 
 
Spörel: Hydroabrasive Exposure and Concrete Resistance against Abrasion Erosion. 
In: American Concrete Institute: 2nd International Workshop on “Durability and Sustainability of 
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2018, S. 75.1-75.10. 
S. 75.8 
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Fig. 2: Abrasion erosion damage on baffle blocks of a weir 
 
Fig. 3: Simulated time step of a flow pattern in the stilling basin of a weir in a horizontal sec-
tion 0.05 m (2 in.) above the ground near the baffle blocks [16] 
 
Fig. 4: Correlation between flow velocities and transportable sediment size [17, 18] 
 
Autorenfassung des Artikels: Spörel: Hydroabrasive exposure and concrete resistance against abrasion  
erosion, 2018 
- 15 - 
Spörel: Hydroabrasive Exposure and Concrete Resistance against Abrasion Erosion. 
In: American Concrete Institute: 2nd International Workshop on “Durability and Sustainability of 
Concrete Structures” DSCS 2018, Moscow (Russia), June 6-7, 2018. Farmington Hills, Michigan. 




Fig. 5: Test setups (left: ASTM C1138M, middle: Bania-method, right: slab-method) 
 
 
Fig. 6: Grain size distribution 
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Fig. 7: Abrasion test results 
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Fig. 8: Correlation between abrasion damage and compressive strength 
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